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visual	cortex		 -Research	Advisor:	Sunil	Gandhi,	Ph.D.		 -Characterized	eye-specific	visual	response	properties	of	hundreds	of	cells	within	the	binocular	zone	of	primary	visual	cortex	using	two-photon	calcium	imaging	of	GCaMP6s	in	awake	mice,	uncovering	two	seemingly	distinct	populations	within	V1:	(1)	contralateral	dominated	cells	tuned	to	higher	spatial	frequencies	with	high	cardinal	direction	selectivity	and	(2)	binocularly	driven	cells	with	lower	spatial	frequency	preferences.			 -This	work	was	funded	by	a	NSF	GRFP	fellowship		
Functional	segregation	of	eye-specific	visual	pathways	into	higher	visual	cortex		 -Research	Advisor:	Sunil	Gandhi,	Ph.D.			 -The	goal	is	to	understand	if	two	seemingly	distinct	populations	of	cells	within	primary	visual	cortex	are	engaged	in	functional	stream/areal	specialization.	Areas	LM	and	PM	have	been	grouped	into	the	putative	mouse	dorsal	and	ventral	stream.	Using	two-photon	calcium	(GCaMP6s)	imaging	of	hundreds	of	cells	within	areas	V1,	LM	and	PM,	I	have	characterized	eye-specific	functional	segregation,	much	like	in	V1.	I	have	also	examined	spatiotemporal	frequency	tuning	and	characterized	preferred	speeds	to	relate	eye-dominant	populations	from	V1	to	those	in	higher	visual	areas.	Targeted	AAV-Syn-GCaMP6s	injections	into	binocular	V1	were	used	to	image	V1	projections	to	areas	LM	and	PM	and	examine	if	the	cortico-cortical	projections	reveal	distinct	routing	of	information	related	to	separate	eye-dominant	populations.		-This	work	is	funded	by	a	NSF	GRFP	fellowship.	Manuscript	is	in	preparation		
Effects	of	juvenile	monocular	deprivation	on	higher	visual	areas		 -Research	Advisor:	Sunil	Gandhi,	Ph.D.		 -The	goal	is	to	examine	the	effects	of	juvenile	two-week	monocular	deprivation	on	eye-specific	population	response	properties	in	higher	visual	areas	LM	and	PM.			 -This	work	is	funded	by	a	NSF	GRFP	fellowship.	Manuscript	is	in	preparation.			
x		
Pro-inflammatory	expression	enhanced	in	the	arctic	mouse	model	for	Alzheimer’s	Disease		 -Research	Advisor:	Andrea	Tenner,	Ph.D.		 -Deletion	of	C5aR	expression	in	the	arctic	mouse	model	for	Alzheimer’s	Disease	had	previously	been	shown	to	exhibit	a	trend	for	prevention	of	behavioral	deficits,	with	no	apparent	differences	in	number	of	plaques	or	microglia.	As	an	entering	rotation	student,	my	goal	was	to	assess	the	pro-inflammatory	expression	of	the	Arctic	mouse	model	was	different	than	those	that	lack	C5aR.	I	developed	experience	isolating	and	sorting	cortical	primary	microglia	and	macrophages	and	used	quantitative	PCR	to	assess	the	expression	of	pro-inflammatory	cytokines	TNFa,	IL1b	and	IL6.			 -An	NIH	IMSD	Grant	funded	this	work		Stanford	University,	2013	
Role	of	prostaglandin	E2	receptors	in	microglial	inflammatory	response	to	oligomeric	alpha	
synuclein		 -Research	Advisor:	Katrin	Andreasson,	Ph.D.		 -Assessed	the	proinflammatory	response	to	oligomeric	alpha	synuclein	and	examined	the	EP2	and	EP4	agonists	as	potential	therapeutics	in	alleviating	this	pro-inflammatory	response	using	BV-2	and	primary	microglial	cell	cultures		 -Amgen	funded	this	work		University	of	Texas	at	San	Antonio	
Transient	extracellular	application	of	nanostars	increase	hippocampal	neuronal	activity	
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𝑅 𝑠𝑓, 𝑡𝑓 = 𝐴 𝑒𝑥𝑝 −(log! 𝑠𝑓 − log! 𝑠𝑓!)!2 𝜎!" !  𝑒𝑥𝑝 −(log! 𝑡𝑓 − log! 𝑡𝑓!(𝑠𝑓))!2 𝜎!" !  where	A	is	the	neuron’s	maximum	responses,	𝑠𝑓!	and	𝑡𝑓!	are	the	preferred	spatial	and	temporal	frequency	and	𝜎!"	and	𝜎!"	are	the	tuning	widths	for	spatial	and	temporal	frequency.	From	this	fit	we	are	able	to	obtain	the	dependence	of	temporal	frequency	preference	on	spatial	frequency	by	calculating	the	speed	tuning	index,	𝜉,	such	that	log! 𝑡𝑓!(𝑠𝑓)) =  𝜉 (log! 𝑠𝑓 − log! 𝑠𝑓!)+ log! 𝑡𝑓! .	A	neuron	with	a	speed	tuning	index	of	𝜉 = 1	is	a	speed-tuned	cell,	while	𝜉 = 0	is	not	speed-tuned	and	𝜉 = −1	is	anti-tuned.	To	measure	goodness	of	fit,	we	used	two	approaches.	First,	the	fitted	data	must	be	well	correlated	with	the	raw	data	(fit	correlation	greater	than	0.5).	The	confidence	intervals	for	
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preferred	spatial	and	temporal	frequency	must	not	exceed	2	octaves.	For	speed	tuning	analysis,	the	confidence	intervals	for	the	speed-tuning	index	must	not	exceed	1.		
4.2.7	Experimental	Design	and	Statistical	Analyses	Distributions	were	tested	for	normality	before	running	statistical	tests.	When	data	was	not	normally	distributed,	nonparametric	tests	were	used	to	compare	groups.	To	compare	ocular	dominance	index,	spatial	frequency,	temporal	frequency	and	speed	preference	between	V1,	LM	and	PM	in	NoMD	and	CMD	mice,	the	Kruskal-Wallis	test	was	used.	Similarly,	we	used	a	Kruskal-Wallis	test	to	compare	eye-specific	speed	preferences	in	No	MD	and	CMD	mice.	To	compare	distributions	for	speed	preferences	in	NoMD	and	CMD	mice	in	V1,	LM	and	PM,	we	used	a	Mann-Whitney	and	Kolmogorov-Smirnov	test.		To	quantify	functional	segregation	of	HVAs	and	eye-specific	responses,	we	first	used	a	box-cox	transformation	(XLSTAT),	optimized	for	all	control	data,	to	achieve	distributions	of	spatial	and	temporal	frequency	that	were	more	likely	to	be	normally	distributed.	We	then	ran	the	Mahalanobis	distance	test	with	a	Bonferonni	correction	for	the	number	of	comparisons	(XLSTAT)	on	all	cellular	spatial	and	temporal	frequency	preferences	for	by-cell	analysis,	or	on	preferences	obtained	from	the	same	animal	for	by-animal	analysis.	Fisher	distance	p-values	are	reported	for	inter-areal	and	eye-specific	distance	comparisons.	Results	of	the	Wilk’s	lambda	test	are	also	reported	to	show	if	the	mean	vectors	are	significantly	different	from	one	another.	For	comparisons	of	HVA	functional	segregation,	the	inter-areal	Mahalanobis	distances	for	each	animal	in	NoMD	and	CMD	mice	were	then	tested	with	a	Two-way	ANOVA,	mixed-effects	(REML)	model,	with	each	inter-areal	comparison	as	the	repeating	factor.	The	inter-areal	distances	for	NoMD	and	CMD	mice	were	summed	and	then	compared	with	Welch’s	unpaired	t	test	to	determine	if	functional	
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segregation	was	impaired	with	CMD.	For	Eye-specific	segregation,	we	both	pooled	the	data	from	V1,	LM	and	PM	to	determine	Mahalanobis	distances	between	eye-specific	responses	and	restricted	analysis	to	each	area.	By	animal-analysis	was	not	used	to	quantify	eye-specific	functional	segregation	for	two	reasons:	1)	There	are	differential	effects	of	MD	on	the	eye-specific	functional	segregation	in	V1,	LM	and	PM,	as	demonstrated	by	the	distributions	for	speed	preferences	and	2)	due	to	the	difficulty	of	achieving	a	good	sample	size	for	each	eye-specific	response	category	within	each	area	in	a	single	animal,	especially	in	the	case	of	PM.	Statistical	analyses	were	performed	using	Prism	v7.01	(GraphPad).	
4.3	Results		
4.3.1	Spatiotemporal	and	Eye-specific	Response	Properties	of	V1,	LM	and	PM	To	probe	eye-specific	spatiotemporal	tuning,	we	used	a	transgenic	mouse	line	that	expresses	GCaMP6s	under	the	control	of	the	CaMK2	promoter	(CaMK2-tTA;	tetO-GCaMP6s;	Wekselblatt	et	al.,	2016).	We	used	a	visual	field	sign	map	to	delineate	areas	and	imaged	visually	evoked	activity	of	excitatory	neurons	in	L2/3	of	adult	mice	(Figure	4.1a).	By	presenting	mice	with	drifting	sinusoidal	gratings	of	various	temporal	and	spatial	frequencies	to	each	eye	individually,	we	were	able	to	assess	eye-specific	tuning	for	spatial	frequency,	temporal	frequency	and	speed	(Figure	4.1b,	d).	Speed	is	defined	as	temporal	frequency/	spatial	frequency	and	tuning	for	speed	has	been	demonstrated	to	functionally	segregate	HVAs	more	robustly	than	spatial	frequency	(Glickfeld	et	al.,	2013).	Response	matrices	to	the	visual	stimuli	for	each	eye	viewing	condition	were	fit	with	a	2-dimensional	Gaussian	(Priebe	et	al.,	2006;	Andermann	et	al.,	2011;	Glickfeld	et	al.,	2013)	to	generate	spatial	and	temporal	frequency	tuning	curves	and	estimate	speed	tuning	(Figure	3.6).		
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In	normally	reared	adult	mice,	V1,	LM	and	PM	are	uniquely	responsive	to	stimuli	from	each	eye	and	to	spatiotemporal	stimuli.	V1	contains	cells	that	span	a	broad	range	of	spatiotemporal	frequencies,	while	LM	and	PM	are	more	selective	in	their	tuning	(Figure	4.1b).	While	all	three	areas	contain	neurons	that	respond	to	each	or	both	eyes,	the	higher	visual	areas	differ	in	their	distribution	of	contralateral	only,	binocular	and	ipsilateral	only	neurons	(Figure	4.1c,	p=0.008).	Area	LM,	which	is	highly	binocular,	also	prefers	relatively	lower	spatial	frequencies	and	faster	speeds.	Area	PM	on	the	other	hand,	contains	a	higher	proportion	of	contralateral	only	responsive	cells	and	is	tuned	to	relatively	higher	spatial	frequencies	and	slower	speeds	(Figure	4.1d).	Thus,	the	functional	specialization	of	HVAs	and	their	eye-specific	proportions	parallel	our	findings	in	V1,	where	the	contralateral	eye	dominated	neurons	were	tuned	to	higher	spatial	frequencies	than	the	binocular	or	ipsilateral	only	responses	(Salinas	et	al.,	2017).	Given	the	divergence	in	eye-specific	tuning	properties	of	LM	and	PM,	we	hypothesized	that	depriving	mice	of	visual	experience	through	one	eye	during	the	ocular	dominance	critical	period	may	alter	the	spatiotemporal	preferences	of	LM	and	PM.	
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Figure	4.1:	Spatiotemporal	and	Eye-specific	Response	Properties	of	V1,	LM	and	PM.	A.	Experimental	setup.	Top	Right:	Widefield	visual	field	sign	map	were	used	to	delineate	higher	visual	areas	(from	lateral	to	medial:	LM	(boxed	in	red),	V1	(boxed	in	yellow)	and	PM	(boxed	in	dark	and	light	blue).	Scale	bar	is	1mm.	Top	left:	The	visual	field	sign	map	was	used	to	position	two-photon	calcium	imaging	experiments	carried	out	while	mice	viewed	drifting	sinusoidal	gratings	of	various	spatial	and	temporal	frequencies	(speeds).	The	stimulus	was	shown	to	either	the	contralateral	or	ipsilateral	eye	to	generate	eye-specific	speed	tuning	curves	(Demonstrated	in	Figure	2).	B.	Top:	Maps	of	speed	preferences	for	LM,	V1	and	PM	for	the	same	animal.	Notably,	LM	is	tuned	to	faster	speeds	while	V1	is	broadly	tuned	to	speed.	Bottom:	Maps	of	eye-specific	responses	for	the	same	fields.	LM	contains	many	binocular	cells	while	PM	is	strongly	biased	by	contralateral-dominated	responses.	C.	Top:	Maps	for	eye-specificity	in	V1,	LM	and	PM.	Contra	Only	responses	are	shown	in	blue,	ipsi	only	responses	in	magenta	and	binocular	ODI	in	between	the	two	extremes.	Bottom:	Cumulative	distributions	for	ocular	dominance	index,	with	contra	only	responses	at	1	and	ipsi	only	responses	at	-1.	LM	and	PM	have	distinct	distributions	for	ocular	dominance	index	(V1	median:	1.0,	mean:	0.3078,	n=819	neurons;	LM	median:	0.454,	mean:	0.281,	n=645	neurons,	PM	median:	1,	mean:	0.395,	n=488	neurons;	Kruskal-Wallis	test,	p=0.0081,	Dunn’s	multiple	comparisons	post	hoc	test,	LM	vs.	PM;	p<0.0081;	KW(s)=9.362,	N=8	mice).	D.	Left:	Cumulative	distributions	for	preferred	spatial	frequency	of	V1	(black),	LM	(red),	and	PM	(blue).	All	distributions	differ	in	preferred	spatial	frequency	except	for	V1	and	PM	(V1	median:	0.114	cyc/deg;	LM	median:	0.0768	cyc/deg;	PM	median:	0.132	cyc/deg;	Kruskal-Wallis	test,	p<0.0001;	Dunn’s	multiple	comparisons	test,	V1	vs.	LM	p<0.0001;	LM	vs.	PM	p<0.0001;	KW(s)=55.45).	Middle:	Cumulative	distributions	for	preferred	temporal	frequency.	All	distributions	differ	in	their	preferred	temporal	frequency	except	for	LM	and	PM.	(V1	median:	1.38	Hz;	LM	median:	1.97	Hz;	PM	median:	1.85	Hz;	Kruskal-Wallis	test,	p<0.0001;	Dunn’s	multiple	comparisons	test,	V1	vs.	LM	p<0.0001;	V1	vs.	PM	p<0.0044;	KW(s)=30.30).	Right:	Cumulative	distributions	for	preferred	speed	of	V1	(black),	LM	(red),	and	PM	(blue).	All	distributions	differ	in	their	spatial	temporal	preferences	except	for	V1	and	PM	(V1	median:	16.1	deg/sec;	LM	median:	28.1;	PM	median:	17.34;	Kruskal-Wallis	test,	p<0.0001;	Dunn’s	multiple	comparisons	test,	V1	vs.	LM	p<0.0001;	LM	vs.	PM	p<0.0001;	KW(s)=73.28).		
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4.3.2	Monocular	Deprivation	disrupts	the	functional	segregation	of	V1,	LM	and	PM	
	 To	determine	if	the	functional	specialization	of	higher	visual	areas	depend	upon	proper	binocular	visual	experience	during	the	ocular	dominance	critical	period,	we	monocularly	deprived	mice	of	vision	through	the	contralateral	eye	for	two	weeks	starting	at	P19	and	assessed	eye-specific	spatiotemporal	tuning	in	adulthood.	We	again	used	the	visual	field	sign	map	to	determine	areal	borders	and	found	no	overt	differences	in	the	maps	between	normal	and	deprived	mice.	In	the	spatiotemporal	dimension,	CMD	shifts	speed	preferences	in	V1	towards	faster	speeds	(Figure	4.2a,	left).	However,	in	area	LM,	which	is	normally	tuned	to	lower	spatial	frequencies,	CMD	shifts	speed	responses	towards	slower	speeds	(Figure	4.2a,	middle).	To	quantify	inter-areal	differences	in	spatiotemporal	tuning,	we	used	the	Mahalanobis	distance.	In	No	MD,	the	spatiotemporal	preferences	of	each	area	fall	within	distinct	clusters	(Figure	4.3c-d,	top).	Monocular	deprivation	impairs	the	normal	functional	segregation	of	areas	from	on	another,	decreasing	their	Mahalanobis	distances	in	the	case	of	LM-PM	and	V1-LM,	and	increasing	the	distance	between	V1	and	PM	(Figure	4.3c-d,	bottom).	By	animal	analysis	further	demonstrates	these	shifts	in	inter-areal	spatiotemporal	clustering,	diminishing	the	functional	segregation	between	areas	(Figure	4.3e,f).	
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Figure	4.2	Monocular	Deprivation	disrupts	the	Functional	Segregation	of	Higher	Visual	Areas.	A.	Cumulative	distributions	for	preferred	speed	in	No	MD	(black)	and	CMD	(light	blue)	mice	for	neurons	in	V1	(left),	LM	(middle)	and	PM	(right).	In	V1,	CMD	shifts	speed	preferences	towards	faster	speeds	(No	MD	median:	16.09	deg/sec,	n=819	neurons;	CMD	median:	19.43	deg/sec,	n=726	neurons;	Mann-Whitney	Test,	MW(U)=266455,	p=0.0004;	Kolmogorov-Smirnov	test,	p=0.0010,	KS(D)=0.099,	NoMD	N=8	mice,	CMD	N=6	mice).	In	LM,	CMD	shifts	speed	preferences	towards	slower	speeds	(No	MD	median:	28.05	deg/sec,	n=645	neurons;	CMD	median:	22.2	deg/sec,	n=567	neurons;	Mann-Whitney	Test,	MW(U)=165937,	p=0.0054;	Kolmogorov-Smirnov	test,	p=0.0068,	KS(D)=0.097,	NoMD	N=8	mice,	CMD	N=6	mice).	No	significant	difference	in	speed	preference	was	found	with	CMD	for	PM	(No	MD	median:	17.3	deg/sec,	n=488	neurons;	CMD	median:	21.1	deg/sec,	n=216	neurons;	Mann-Whitney	Test,	MW(U)=48079,	p=0.0634,	NoMD	N=8	mice,	CMD	N=6	mice).	B.	Cumulative	distributions	for	preferred	speed	of	V1	(black),	LM	(red)	and	PM	(blue)	in	CMD	mice	(V1	median:	19.4	deg/sec,	n=726	neurons;	LM	median:	22.2	deg/sec,	n=567	neurons;	PM	median:	21.1	deg/sec,	n=216	neurons).	Data	for	control	mice	are	shown	in	lighter	colors.	Notice	that	the	areas	have	lost	their	distinct	speed	distributions.	C.	Heatmap	of	inter-areal	Mahalanobis	distances	in	NoMD	(top)	and	CMD	(bottom)	mice.	In	NoMD	mice,	each	area	is	functionally	segregated	from	the	other	(Summed	inter-areal	Mahalanobis	distances:	0.401,	V1	vs.	LM:	0.202,	p<0.0001;	V1	vs.	PM:	0.033,	p=0.0064,	LM	vs.	PM:	0.167,	p<0.0001,	N=8	mice).	CMD	results	in	diminished	functional	segregation	between	LM	and	PM	as	well	as	LM	and	V1	(Summed	inter-areal	Mahalanobis	distances:	0.1623;	V1	vs.	LM:	0.033,	p=0.0058;	V1	vs.	PM:	0.093,	p=0.0004;	LM	vs.	PM:	0.036,	p=0.058,	ns)	D.	Scatter	for	mean	preferred	spatial	frequency	and	mean	preferred	temporal	frequency	for	V1	(black),	LM	(red)	and	PM	(blue)	in	NoMD	(top)	and	CMD	(bottom)	mice.	Each	individual	point	is	an	animal	while	larger	points	represent	the	mean	of	the	means.	Control	data	is	shown	in	grey	on	the	CMD	chart.	E.	By	animal	mean	inter-areal	Mahalanobis	distances	for	each	area	comparison	in	
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NoMD	(grey)	and	CMD	(blue)	mice.	Each	individual	point	represents	an	animal.	Error	bar	represents	SEM.	Deprivation	significantly	alters	inter-areal	Mahalanobis	distances	(Two-way	ANOVA,	Mixed-effects	model	(REML),	deprivation	factor	p=0.0218;	Sidak’s	multiple	comparisons	post-hoc	test,	LM-V1	p=0.0091,	No	MD	N=5	mice,	CMD	N=3	mice).	F.	By	animal	mean	summed	Mahalanobis	distance	for	inter-areal	comparisons	in	NoMD	(grey)	and	CMD	(blue)	mice.	Each	individual	point	represents	an	animal.	Error	bar	represents	SEM	(Welch’s	unpaired	t	test,	p=0.0385,	mean	difference:	-0.6812	+/-	0.2012).		
4.3.3	Monocular	Deprivation	disrupts	the	functional	segregation	of	eye-specific	
responses	We	have	previously	reported	eye-specific	asymmetries	in	tuning	for	spatial	frequencies	in	binocular	V1	(Salinas	et	al.,	2017).	Here,	we	grouped	neural	responses	into	three	eye-specific	categories	(contralateral	only,	binocular,	ipsilateral	only)	and	tested	whether	these	groups	were	functionally	segregated	in	terms	of	spatiotemporal	tuning	(Figure	4.3).	In	all	three	areas,	neurons	dominated	by	contralateral	eye	input	are	tuned	to	the	slowest	speeds	(Figure	4.3a).	In	V1,	neurons	linked	by	eye-specificity	are	tuned	to	distinct	speeds,	with	binocular	neurons	preferring	intermediate	and	ipsilateral-dominated	neurons	preferring	the	fastest	speeds	(Figure	4.3a,	left).	Ipsilateral-dominated	neurons	of	LM	are	also	tuned	to	significantly	faster	speeds	than	their	contralateral-dominated	counterparts	(Figure	4.3a,	middle).	In	contrast,	in	PM,	neurons	linked	by	eye-specificity	are	less	distinct	in	their	speed	preferences	(Figure	4.3a,	right).		CMD	results	in	a	shift	of	the	speed	preferences	of	eye-specific	responses	in	V1,	so	much	so,	that	the	binocular	speed	preferences	are	no	longer	distinct	from	the	ipsilateral-dominated	speed	preferences	(Figure	4.3b,	left).	The	effect	of	CMD	on	shifting	eye-specific	speed	preferences	in	LM	was	less	robust	(Figure	4.3b,	middle).	In	CMD	mice,	the	eye-specific	speed	preferences	are	no	longer	distinct	(Figure	4.3b,right).	CMD	has	differential	effects	on	intra-areal	eye-specific	clustering	(Figure	4.3d).	While	V1	and	LM	seem	to	lose	
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their	eye-specific	functional	segregation,	area	PM,	whose	neurons	linked	by	eye-specificity	were	quite	matched	in	controls,	is	more	functionally	segregated	with	CMD	(Figure	4.3d).		
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Figure	4.3	Monocular	Deprivation	disrupts	the	Functional	Segregation	of	Eye-specific	Responses.	A.	Cumulative	distributions	for	preferred	speed	of	contralateral	eye-dominated	(light	blue),	binocular	(purple)	and	ipsilateral	eye-dominated	(magenta)	responsive	neurons	in	V1	(left),	LM	(middle)	and	PM	(right)	in	No	MD	mice.	Left:	In	V1,	all	eye-specific	responsive	neurons	are	tuned	to	unique	speeds	(contralateral	only	median:	11.26	deg/sec	n=419	neurons;	binocular	median:	18.06	deg/sec,	n=226	neurons;	ipsilateral	only	median:	33.33	deg/sec,	n=174	neurons;	Kruskal-Wallis	test,	KW(s)=85.2,	p<0.0001;	Dunn’s	multiple	comparisons	test,	Contra	only	vs.	binocular:	p=0.0002;	contra	only	vs.	ipsi	only:	p<0.0001;	binocular	vs.	ipsi	only:	p<0.0001,	N=8	mice).	Middle:	In	LM,	contralateral	dominated	neurons	are	tuned	to	slower	speeds	than	binocular	and	ipsilateral	neurons	(contralateral	only	median:	19.96	deg/sec,	n=248	neurons;	binocular	median:	32.93	deg/sec,	n=296	neurons;	ipsilateral	only	median:	33.24	deg/sec,	n=101	neurons;	Kruskal-Wallis	test,	KW(s)=22.3,	p<0.0001;	Dunn’s	multiple	comparisons	test,	Contra	only	vs.	binocular:	p<0.0001;	contra	only	vs.	ipsi	only:	p=0.0125;	N=8	mice).	Right:	In	PM,	contralateral	dominated	responses	are	tuned	to	slower	speeds	than	binocular	neurons	(contralateral	only	median:	14.24	deg/sec,	n=245	neurons;	binocular	median:	22.04	deg/sec,	n=175	neurons;	ipsilateral	only	median:	19.2	deg/sec,	n=60	neurons;	Kruskal-Wallis	test,	KW(s)=6.308,	p<0.0427;	Dunn’s	multiple	comparisons	test,	Contra	only	vs.	binocular:	p=0.0396,	N=8	mice).	B.	Cumulative	distributions	for	preferred	speed	of	contralateral	eye-dominated	(light	blue),	binocular	(purple)	and	ipsilateral	eye-dominated	(magenta)	responsive	neurons	in	V1	(left),	LM	(middle)	and	PM	(right)	in	CMD	mice.	Control	data	is	shown	in	lighter	colors	for	reference.	Left:	In	V1,	all	eye-specific	responsive	neurons	are	tuned	to	unique	speeds	except	binocular	and	ipsilateral	only	neurons	with	CMD	(contralateral	only	median:	16.51	deg/sec,	n=391	neurons;	binocular	median:	27.92	deg/sec,	n=174	neurons;	ipsilateral	only	median:	31.21	deg/sec,	n=161	neurons;	Kruskal-Wallis	test,	KW(s)=,	p<0.0001;	Dunn’s	multiple	comparisons	test,	Contra	only	vs.	binocular:	p<0.0001;	contra	only	vs.	ipsi	only:	p<0.0001;	N=6	mice).	Middle:	In	LM,	contralateral	dominated	neurons	are	tuned	to	slower	speeds	than	binocular	and	ipsilateral	neurons	with	CMD	(contralateral	only	median:	18.03	deg/sec,	n=246	neurons;	binocular	median:	26.44	deg/sec,	n=193	neurons;	ipsilateral	only	median:	25.78	deg/sec,	n=128	neurons;	Kruskal-Wallis	test,	KW(s)=15.36,	p=0.0005;	Dunn’s	multiple	comparisons	test,	Contra	only	vs.	binocular:	p=0.0007;	contra	only	vs.	ipsi	only:	p=0.0229;	N=8	mice).	Right:	No	significant	difference	in	preferred	speed	was	found	with	CMD	in	PM	(contralateral	only	median:	17.48	deg/sec,	n=96	neurons;	binocular	median:	23.64	deg/sec,	n=81	neurons;	ipsilateral	only	median:	21.48	deg/sec,	n=39	neurons;	Kruskal-Wallis	test,	KW(s)=2.14,	p=0.344,	N=6	mice).	C.	Scatter	for	mean	preferred	spatial	frequency	and	mean	preferred	temporal	frequency	for	contralateral	only	(light	blue),	binocular	(purple)	and	ipsilateral	only	(magenta)	in	No	MD	(top)	and	CMD	(bottom)	mice.	Each	individual	point	is	an	animal	while	larger	points	represent	the	mean	across	animals.	Control	data	is	shown	in	grey	on	the	CMD	chart.	D.	Heatmaps	for	intra-areal	eye-specific	Mahalanobis	distances	in	V1	(top,	black),	LM	(middle,	red)	and	PM	(bottom,	blue)	for	No	MD.	Top:	In	V1,	No	MD	eye-specific	responses	are	functionally	segregated	(No	MD:	Summed	Mahalanobis	Distance=1.42;	V1:	contra	only	vs.	binocular:	0.142,	p<0.0001;	contra	only	vs.	ipsi	only:	0.926,	p<0.0001;	binocular	vs.	ipsi	only:	0.348,	p<0.0001;	Wilk’s	lambda	test	p<0.0001,	N=8	mice).	V1	cells	of	CMD	mice	have	shorter	Mahalanobis	distances	and	less	segregation	than	controls	(CMD	Summed	Mahalanobis	distance=	0.6813;	contra	only	vs.	binocular:	0.243,	p<0.0001;	contra	only	vs.	ipsi	only:	0.396,	p<0.0001;	binocular	vs.	ipsi	only:	0.0423,	ns;	Wilk’s	lambda	test	p<0.0001,	N=6	mice).	Middle:	In	LM,	No	MD	contralateral	only	responses	are	functionally	segregated	from	other	eye-specific	responses	(No	MD:	Summed	Mahalanobis	Distance=0.310;	V1:	contra	only	vs.	binocular:	0.156,	p<0.0001;	contra	only	vs.	ipsi	only:	0.1217,	p=0.0132;	binocular	vs.	ipsi	only:	0.0315,	p=0.310,	ns;	Wilk’s	lambda	test	p<0.0001,	N=8	mice).	LM	cells	of	CMD	mice	have	shorter	Mahalanobis	distances	and	less	segregation	than	controls	(CMD	Summed	Mahalanobis	distance=	0.228;	contra	only	vs.	binocular:	0.140,	p=0.00057;	contra	only	vs.	ipsi	only:	0.079,	p=0.037,	ns;	binocular	vs.	ipsi	only:	0.008,	p=0.713,	ns;	Wilk’s	lambda	test	p=0.0027,	N=6	mice).	Bottom:	In	PM,	No	MD	contralateral	only	responses	are	functionally	segregated	from	binocular	neurons	(No	MD:	Summed	Mahalanobis	Distance=0.262;	V1:	contra	only	vs.	binocular:	0.118,	p=0.0027;	contra	only	vs.	ipsi	only:	0.137,	p=0.0269,	ns;	binocular	vs.	ipsi	only:	0.007,	p=0.847,	ns;	Wilk’s	lambda	test	p=0.0048,	N=8	mice).	The	functional	specializations	of	eye-specific	responses	are	rearranged	in	PM	of	CMD	mice	(CMD	Summed	Mahalanobis	distance=	0.262;	contra	only	vs.	binocular:	0.094,	p=0.132,	ns;	contra	only	vs.	ipsi	only:	0.357,	p=0.0081;	binocular	vs.	ipsi	only:	0.1002,	p=0.271,	ns;	Wilk’s	lambda	test	p=0.0297,	N=6	mice).	
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4.3.4	Monocular	Deprivation	alters	eye-specific	speed	tuning	properties		
	 Visual	areas	of	mice	are	not	only	specialized	for	distinct	speeds,	but	also	have	varying	degrees	for	speed	tuning,	or	the	dependence	of	temporal	frequency	preference	on	spatial	frequency	(Andermann	et	al.,	2011).	Area	PM	has	been	demonstrated	to	have	a	relatively	higher	degree	of	speed	tuning	than	area	V1.	We	assessed	if	CMD	had	an	affect	on	the	overall	speed	tuning	of	areas	V1,	LM	and	PM	by	comparing	speed	tuning	indices	obtained	from	the	fitted	data	(Figure	4.4a).	Speed	tuning	indices	of	1	are	speed-tuned	cells,	while	speed	tuning	indices	of	0	have	no	speed	tuning.	The	distribution	for	speed	tuning	in	V1,	although	slighted	shifted	to	the	left	with	CMD,	was	not	found	to	be	significantly	different	between	the	groups.	However,	it	appears	that	there	may	be	less	speed-tuned	neurons	in	V1	with	CMD	and	that	our	sample	size	could	have	affected	the	lack	of	difference	in	the	distributions.	CMD	appeared	not	to	have	disrupted	the	degree	of	speed	tuning	in	LM	and	PM.				 Since	speed	tuning	has	been	demonstrated	to	negatively	correlate	with	speed	preferences	(Andermann	et	al.,	2011),	and	because	contralateral	eye-dominated	responses	are	preferentially	tuned	to	higher	spatial	frequencies,	we	asked	if	there	was	an	eye-specific	distinction	in	speed	tuning	NoMD	and	CMD	mice	(Figure	4.4b).	In	No	MD	mice,	in	areas	V1	and	PM,	speed-tuning	indices	of	the	contralateral	eye	responses	were	significantly	more	speed	tuned	than	ipsilateral	eye	responses.	Interestingly,	this	eye-specific	speed	tuning	is	absent	in	CMD	mice.	In	CMD	mice,	both	areas	LM	and	PM	contain	eye-specific	speed	tuning.	Since	CMD	resulted	in	a	shift	of	speed	preferences	in	V1	and	LM,	we	asked	if	speed	preferences	for	speed-tuned	neurons	were	different	in	CMD	and	No	MD	mice.	We	find	that	the	speed-tuned	neurons	of	PM	are	shifted	towards	slower	speeds	in	CMD	mice	(Figure	
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4.4c).	Our	results	suggest	that	CMD	during	the	critical	period	disrupts	eye-specific	speed	tuning	in	V1	and	may	lead	to	shifted	speed	preferences	for	neurons	tuned	for	speed	in	area	PM.		
 
Figure	4.4	Monocular	deprivation	effects	on	speed	tuning.	A.	Histograms	for	speed	tuning	indices	in	No	MD	(black)	and	CMD	(light	blue)	for	all	cells	in	V1	(top,	median:	0.25,	mean:	0.28),	LM	(middle,	median:	0.34,	mean:	0.41)	and	PM	(bottom,	median:	0.46,	mean:	0.49).	B.	Speed	tuning	indices	segregated	by	eye-specific	responses	in	No	MD	(left	column)	and	CMD	(right	column)	mice	for	V1	(top),	LM	(middle)	and	PM	(bottom).	Individual	points	on	the	graph	are	speed-tuning	indices	from	individual	cells.	Mean	and	SEM	are	plotted.	In	No	MD	mice,	the	contralateral	eye	is	more	speed	tuned	than	the	ipsilateral	eye	in	both	V1	and	PM	(V1:	contralateral	mean:	0.39,	median:	0.36,	n=35	neurons;	ipsilateral	mean:	0.053,	median:	0.085,	n=20	neurons,	Welch’s	unpaired	t-test	p=0.0016,	r2=0.172;	PM:	contralateral	mean:	0.58,	median:	0.68,	n=36	neurons;	ipsilateral	mean:	0.33,	median:	0.29,	n=24	neurons,	Kolmogorov-Smirnov	test	p=0.0187,	KS(D)=0.403;	LM:	contralateral	mean:	0.48,	median:	0.31,	n=25	neurons;	ipsilateral	mean:	0.24,	median:	0.17,	n=29	neurons,	Kolmogorov-Smirnov	test	p=0.118,	KS(D)=0.296).	In	CMD	mice,	eye-specific	tuning	for	speed	is	not	different	in	V1	(contralateral	mean:	0.15,	median:	0.12,	n=16	neurons;	ipsilateral	mean:	0.13,	median:	0.18,	n=29	neurons).	In	contrast,	in	CMD	mice,	both	LM	and	PM	responses	driven	by	the	contralateral	eye	are	more	speed	tuned	than	those	driven	by	the	ipsilateral	eye	(LM:	contralateral	mean:	0.53,	median:	0.52,	n=22	neurons;	ipsilateral	mean:	0.076,	median:	0.071,	n=25	neurons,	Kolmogorov-Smirnov	test	p<0.0001,	KS(D)=0.658;	Mann-Whitney	test	p<0.0001;	mW(U)=84;	PM:	contralateral	mean:	0.69,	median:	0.67,	n=23	neurons;	ipsilateral	mean:	0.30,	median:	0.24,	n=11	neurons,	Kolmogorov-Smirnov	test	p=0.118,	KS(D)=0.	510;	Mann-Whitney	test	p=0.0064,	MW(U)=54).	C.	Cumulative	distributions	for	speed	preferences	of	cells	that	are	tuned	for	speed	in	No	MD	(black)	and	CMD	(light	blue)	mice	are	shown	for	V1	(top),	LM	(middle)	and	
121		
PM	(bottom).	In	PM,	the	preferred	speeds	of	speed-tuned	neurons	are	significantly	shifted	towards	slower	speeds	with	CMD	(No	MD	median:	28.9	deg/sec,	n=20	neurons;	CMD	median:	23.4	deg/sec,	n=17	neurons,	p=0.0213,	KS(D)=0.497).		
	
4.4	Discussion		
Higher	visual	areas	have	distinct	spatiotemporal	tuning	properties	that	depend	upon	
binocular	visual	experience	in	early	life		 In	this	study	we	found	pronounced	effects	of	monocular	deprivation	during	the	critical	period	on	the	functional	specialization	of	visual	areas.	CMD	shifted	speed	preferences	differentially	in	V1	and	LM,	bringing	the	two	closer	together	in	the	spatiotemporal	domain.	The	distribution	of	speed	preferences,	which	is	the	best	way	to	segregate	higher	visual	areas	from	one	another,	became	nearly	identical	for	V1,	LM	and	PM	with	CMD.	We	quantified	the	difference	between	inter-areal	clusters	in	the	spatiotemporal	domain	with	the	Mahalanobis	distance	and	found	that	CMD	reduces	the	differences	between	the	three	areas.	Overall,	there	is	a	reduction	in	the	differentiation	of	V1	and	HVAs	in	mice	that	are	deprived	of	visual	input	through	the	contralateral	eye.			 It	has	been	shown	that	the	functional	specialization	of	HVAs	refines	over	the	course	of	development	(Murakami	et	al.,	2017;	Smith	et	al.,	2017).	The	summed	Mahalanobis	distances	for	HVAs	are	relatively	small	at	P20	and	adult-like	by	P25	(Murakami	et	al.,	2017),	a	time	window	that	overlaps	with	the	ocular	dominance	critical	period.	Our	study	demonstrates	that	CMD	during	this	time	window	can	dramatically	shift	spatiotemporal	preferences	of	visual	areas	into	adulthood,	resulting	in	a	reduction	of	adult-like	areal	segregation.	It	has	been	proposed	that	areas	of	the	putative	dorsal	stream	take	longer	to	develop	than	areas	of	the	putative	ventral	stream	(Smith	et	al.,	2017).	Here,	we	show	that	spatiotemporal	tuning	of	area	LM,	grouped	in	the	putative	ventral	stream,	was	altered	with	
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CMD,	while	the	selectivity	of	PM,	grouped	in	the	putative	dorsal	stream,	seemed	to	be	unaffected.	Here,	areas	from	both	streams	appear	to	be	vulnerable	to	MD,	although	in	an	eye-specific	dependent	manner.	The	difference	may	lie	in	the	type	of	manipulation	and	the	measurement:	Smith	and	colleagues	dark	reared	mice	from	E14	to	P40	and	used	intrinsic	signal	optical	imaging	to	compare	response	magnitude	to	visual	stimulation.		
Neurons	linked	by	eye-specificity	may	serve	as	an	efficient	routing	mechanism	from	
the	retina	to	functionally	specialized	HVAs		 We	have	found	an	asymmetry	in	the	eye-specific	tuning	for	spatial	frequency	in	V1	of	mice,	whereby	cells	dominated	by	the	contralateral	eye	prefer	higher	spatial	frequencies	than	binocular	and	ipsilateral	only	responses	(Salinas	et	al.,	2017).	In	normal	mice,	areas	LM	and	PM	have	unique	proportions	of	eye-specific	responses	in	conjunction	with	disparate	spatial	frequency	tuning:	LM	is	more	binocular	and	tuned	to	lower	spatial	frequencies	while	PM	is	more	contralaterally-biased	and	is	tuned	to	higher	spatial	frequencies.	Thus,	the	areal	distributions	parallel	the	eye-specific	functional	organization	shown	in	V1.	Here,	we	asked	if	neurons	linked	by	eye-specificity	in	HVAs	are	functionally	segregated,	as	in	V1,	and	if	this	segregation	is	experience-dependent.		In	the	spatiotemporal	domain,	contralateral	only	responses	are	tuned	to	slower	speeds	(low	temporal	frequency/	high	spatial	frequency),	binocular	cells	are	tuned	to	intermediate	speeds	and	ipsilateral	only	cells	are	tuned	to	the	fastest	speeds	(high	temporal	frequency/	low	spatial	frequency).	LM	and	PM	share	some	of	the	eye-specific	functional	segregation	found	in	V1,	with	the	contralateral	only	cells	tuned	to	the	slowest	speeds.	However,	the	distances	between	clusters	of	eye-specific	preferences	are	smaller	in	LM	and	PM,	suggesting	that	convergence	of	functionally	specific	cells	may	lead	to	better	
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interocular	matching	of	features	in	downstream	areas	of	cortex.	CMD	disrupts	the	functional	segregation	of	eye-specific	responses	most	pronouncedly	in	V1,	but	also	in	LM	and	PM,	bringing	the	spatiotemporal	frequency	preferences	of	eye-specific	responses	closer	together.		Retinal	ganglion	cells	carry	distinct	channel	information	and	terminate	in	eye-specific	zones	of	the	thalamus	and	superior	colliculus.	Subregions	of	the	dorsal	lateral	geniculate	nucleus	house	functionally	distinct	cell	types,	which	project	to	distinct	layers	of	cortex	(Krahe	et	al.,	2011).	For	example,	a	subset	of	highly	direction-selective	and	high	spatial	frequency	tuned	cells	of	the	shell	region	projecting	to	superficial	layers	of	V1	(Cruz-Martin	et	al.,	2014).	Thus,	the	functional	distinction	of	eye-specific	responses	in	V1	and	HVAs	may	be	a	result	of	cell	type-specific	projections	from	subcortical	structures	that	receive	input	from	the	retina	(reviewed	in	Seabrook	et	al.,	2017).	This	early	eye-specific	functional	segregation	may	serve	as	an	efficient	routing	mechanism	for	organizing	the	functional	architecture	of	V1	and	HVAs.		
The	mouse	visual	system	as	a	model	for	understanding	developmental	mechanisms	
of	higher	visual	area	processing			 CMD	led	to	a	reduction	in	the	functional	specialization	of	V1	and	HVAs,	but	it	did	not	eliminate	speed	tuning	in	LM	and	PM.	However,	there	is	a	functional	specialization	of	eye-specific	responses	for	speed	tuning,	with	neural	responses	to	the	contralateral	eye	carrying	more	speed-tuned	information	than	the	responses	to	the	ipsilateral	eye.	This	eye-specific	distinction	in	speed	tuning	suggests	that	a	subset	of	contralateral-dominated	neurons	may	be	important	for	downstream	motion	processing.	This	agrees	with	our	previous	findings	of	a	contralateral	bias	for	high	direction	selectivity	(Salinas	et	al.,	2017).	CMD	eliminated	the	
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eye-specific	speed	tuning	distinction	in	V1	and	exacerbated	it	in	LM.	While	the	eye-specific	distinction	for	speed	tuning	was	not	disrupted	with	CMD	in	PM,	the	preferred	speeds	of	speed-tuned	neurons	in	PM,	was	shifted	towards	slower	speeds.	These	findings	suggest	that	CMD	causes	a	cascade	of	shifting	preferences,	impacting	the	tuning	of	cells	relevant	for	motion	processing.				 In	primates,	visual	cortical	phase	maps	of	ocular	dominance,	spatial	frequency	and	orientation	are	aligned	(Nauhaus	et	al.,	2017).	Multiple	studies	demonstrate	that	the	functional	architecture	of	V1	is	repeated	in	HVAs	(Ts’o	et	al.,	2009;	Ghose	and	Ts’o,	1997;	Ghose	and	Ts’o,	2017).	Here	we	provide	evidence	that	eye-specific	functional	specialization	occurs	in	V1	and	HVAs	of	mice,	and	that	the	maintenance	of	this	organization	may	be	required	for	proper	HVA	development.	This	finding	suggests	that	the	organization	of	mouse	visual	cortex	is	fundamentally	similar	to	the	organization	of	primate	visual	cortex,	even	without	columnar	organization.	The	collapse	of	HVA	selectivity	onto	one	another	in	the	spatiotemporal	domain	with	CMD	could	be	indicative	that,	as	in	amblyopic	primates,	monocular	deprivation	causes	disturbances	in	visual	processing	related	to	both	motion	processing	and	form	detection	(Kozma	and	Kiorpes,	2003;	Kiorpes	et	al.,	2006;	Kiorpes,	2006).	Our	study	provides	validation	in	studying	the	mouse	visual	system	to	understand	how	MD	impacts	visual	processing	related	to	higher	order	feature	detection	and	to	reveal	mechanisms	underlying	the	development	of	the	visual	system.	 	
125		
CHAPTER	5:	Discussion	
5.1:	Summary		 One	way	the	visual	cortex	has	tackled	visual	perception	is	by	creating	functionally	organized	modules	with	neurons	that	prefer	similar	stimuli,	linking	them	and	stacking	them	into	simultaneous	processing	stages.	This	repetition	allows	filtering	and	processing	of	multiple	feature	dimensions	within	the	circuitry	to	complete	on-demand	tasks	simultaneously	and	flexibly.	Spatiotemporal	filtering	is	one	of	the	earliest	stages	of	the	process,	beginning	first	with	the	functionally	distinct	retinal	ganglion	cells	and	passed	on	to	the	thalamus	and	visual	cortex.	The	parallel	channels	process	and	transform	distinct	features	of	the	visual	scene	from	these	filters,	such	as	information	related	to	motion,	depth	and	form,	into	two	proposed	streams	of	information	processing:	the	dorsal	and	the	ventral	pathways	(Ungerleider	and	Mishkin	1982;	Maunsell	and	Newsome,	1987;	Goldman-Rakic,	1988).		Inherently	coupled	to	the	task	of	parallel	processing	is	the	eye-specific	organization	arising	upon	the	mixing	of	inputs	from	the	two	eyes	in	later	stages	of	the	visual	system.	Eye-specific	segregation	is	largely	maintained	in	the	thalamus	and	superior	colliculus.	Inputs	from	the	two	eyes	first	converge	predominantly	in	primary	visual	cortex	(V1).	In	V1,	at	least	in	mice,	neurons	vary	greatly	in	their	spatiotemporal	and	orientation	tuning	in	what	largely	appears	to	be	a	random	“salt	and	pepper	fashion”,	although	weak	local	clustering	exists	(Ohki	and	Reid	2007;	Ringach	et	al.,	2016).	Despite	this	apparent	disorderliness,	hierarchically	higher	order	visual	areas	are	comprised	of	neurons	with	unique	spatiotemporal	tuning	and	are	grouped	into	putative	dorsal	and	ventral	streams	(Marshel	et	al.,	2011;	Andermann	et	al.,	2011;	Glickfeld	et	al.,	2013;	Wang	et	al.,	2012).	
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Electrophysiological	evidence	suggests	that	despite	its	broad	distribution	of	spatiotemporal	tuning	(Niell	and	Stryker,	2008)	and	apparent	lack	of	obvious	functional	domains	(but	see	Ji	et	al.,	2015),	V1	contains	distinct	channels	of	information,	which	differ	substantially	in	their	tuning	for	spatial	frequency,	among	other	visual	properties	like	contrast	sensitivity	and	temporal	frequency	(Gao	et	al.,	2010;	Ji	et	al.,	2015).		One	possible	interpretation	of	how	higher	visual	areas	acquire	their	selectivity	is	through	like-to-like	connectivity	from	V1,	such	that	the	cells	in	V1	which	share	the	spatiotemporal	tuning	properties	of	a	higher	visual	area	make	synaptic	contacts	preferentially	with	that	area.	There	is	evidence	that	such	target	specificity	exists	in	mice	(Glickfeld	et	al.,	2013;	Matsui	and	Ohki,	2013).	However,	the	dependence	of	V1	activity	on	the	functional	selectivity	of	HVAs	has	been	called	to	question.	Inactivating	adult	V1	does	not	alter	spatiotemporal	tuning	of	HVAs	(although	inactivating	the	SC	seems	to	shift	velocity	tuning	of	V1	and	HVAs,	Tohmi	et	al.,	2014).	Many	studies	have	demonstrated	that	monocular	deprivation	(MD)	shifts	neural	preferences	towards	the	non-deprived	eye	and	results	in	a	reduction	of	acuity	at	the	level	of	V1	(Prusky	and	Douglas	2003),	linking	a	shift	in	eye-specific	responses	with	a	shift	in	spatial	frequency	tuning.	However,	there	is	an	absence	of	understanding	how	early	visual	experience	shapes	higher	visual	area	processing,	whose	activity	in	primates	is	thought	to	better	reflect	visual	percepts	(Kiorpes,	2016).	In	the	case	of	MD,	when	interocular	inputs	have	been	disrupted	and	there	is	a	loss	of	high	spatial	frequency	tuning	in	V1,	what	might	be	the	effects	on	higher	visual	area	selectivity,	if	any?		We	first	sought	to	understand	if	eye-specificity	is	linked	to	spatial	frequency	tuning	at	the	level	of	binocular	V1	to	determine	if	eye-specificity	may	be	involved	in	carrying	
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distinct	channels	of	information	related	to	preferred	spatial	frequency.	We	imaged	visually	evoked	activity	from	thousands	of	excitatory	neurons	in	L2/3	of	transgenic	mice	expressing	the	genetically	encoded	calcium	indicator	GCaMP6s.	We	found	an	asymmetry	in	the	tuning	for	spatial	frequency	between	the	contralateral	and	ipsilateral	eye,	such	that	neurons	dominated	by	the	contralateral	eye	were	tuned	to	the	highest	spatial	frequencies	and	were	prominently	direction	selective,	while	binocular	and	ipsilateral	responses	were	tuned	to	lower	spatial	frequencies	(Salinas	et	al.,	2017).	Cells	preferring	high	spatial	frequencies	were	tuned	to	the	cardinal	directions	(0,90,270,180o).	Cardinal	direction	selectivity	is	a	known	feature	of	higher	visual	area	PM	(Roth	et	al.,	2012),	who	has	been	postulated	to	play	a	role	in	spatial	navigation,	projecting	to	retrosplenial	cortex.	These	asymmetries	in	V1	appear	to	link	eye-specificity	with	spatial	frequency,	a	now	known	feature	of	primate	V1	(Nauhaus	et	al.,	2016),	and	a	potential	explanation	for	a	shift	in	spatial	frequency	tuning	after	depriving	an	eye	during	the	ocular	dominance	critical	period.	We	hypothesized	that	the	asymmetries	found	at	the	level	of	V1	may	be	repeated	in	higher	visual	areas	(HVAs)	of	cortex,	as	has	been	demonstrated	with	the	functional	organization	of	feature	maps	in	primates	(Ts’o	et	al.,	2009;	Ghose	and	Ts’o,	1997;	Ghose	and	Ts’o,	2017).		We	assessed	if	these	eye-specific	tuning	biases	were	present	in	two	higher	visual	areas	grouped	into	the	putative	ventral	and	dorsal	streams:	areas	LM	and	PM.	We	characterized	tuning	properties	for	early	stimulus	features	(spatial	frequency,	temporal	frequency,	orientation	and	direction)	and	found	motifs	between	the	three	areas,	which	substantiated	our	hypothesis,	that	eye-specific	response	properties	in	V1	are	repeated	in	higher	visual	areas,	potentially	linking	distinct	processing	channels.	Contralateral	eye	dominated	responses	were	always	tuned	to	the	highest	spatial	frequencies	of	a	given	area.	
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The	eye-specific	bias	from	the	population	ODI	reflected	each	area’s	unique	spatial	frequency	tuning	properties.	We	also	found	the	same	ocular	distinction	for	direction	and	orientation	tuning	in	all	areas.	The	binocular	cells	were	more	selective	for	orientation	while	cells	dominated	by	one	eye	were	more	direction	selective.	Moreover,	area	PM	was	biased	to	the	cardinal	directions,	similar	to	the	contralateral	dominated	neurons	of	V1,	while	LM	preferred	intercardinal	directions	just	as	much	as	cardinal	directions.	Next,	we	show	that	information	regarding	eye-specificity	and	spatial	frequency	is	carried	from	V1	to	higher	visual	areas	LM	and	PM	by	recording	from	V1	afferents	in	LM	and	PM.	Despite	the	difference	in	eye-specific	tuning	for	spatial	frequency	found	in	LM	and	PM,	these	HVAs	were	better	matched	in	interocular	preferences	for	spatial	frequency	and	orientation,	suggesting	that	convergence	of	inputs	results	in	better	alignment	between	the	two	eyes	downstream	from	V1.	Indeed,	when	we	assessed	the	eye-specific	spatial	frequency	tuning	of	V1	afferents	to	LM	and	PM	we	detected	a	difference	in	eye-specific	spatial	frequency	tuning	in	V1	afferents	to	LM,	but	not	PM.			 The	functional	motifs	we	find	in	V1,	LM	and	PM,	and	the	eye-specific	afferents	from	V1	to	LM	and	PM	could	be	an	indication	that	neurons	linked	by	eye-specificity	are	functional	channels	that	endow	higher	visual	areas	their	specialization.	This	finding	does	not	depend	on	the	classical	hierarchical	cortical	model	(i.e.	that	V1	output	is	required	for	HVA	specialization)	being	true	for	mice,	since	eye-specificity	from	subcortical	structures	that	project	to	both	V1	and	HVAs	could	be	responsible.	For	example,	besides	the	central	visual	pathway	(retina->dLGN->V1->HVAs),	there	is	also	the	extrageniculate	pathway	(retina->SC->LP->HVAs)	as	well	as	a	minor	indirect	route	from	the	superior	colliculus	to	the	dLGN	and	both	V1	and	HVAs	(Tohmi	et	al,	2014).	Eye-specific	inputs	remain	largely	
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segregated	in	the	dLGN,	but	binocularity	does	exist	(Huh	et	al.,	2018;	Zeater	et	al.,	2015).	In	primates,	there	is	binocularity	in	the	SC	(Economides	et	al.,	2018).	Thus,	it	is	not	impossible	that	eye-specific	routing	from	subcortical	structures	could	participate	in	HVA	selectivity.		Because	speed	has	been	shown	to	better	segregate	the	functional	selectivity	of	HVAs,	we	assessed	eye-specific	spatiotemporal	tuning	in	V1,	LM	and	PM.	Eye-specific	responses	are	functionally	segregated	in	V1	and	appear	to	become	less	segregated	in	a	hierarchical	fashion.	The	contralateral	eye	responses	were	also	much	more	speed	tuned	than	the	ipsilateral	eye	responses.	Thus,	neurons	linked	by	eye-specificity	prefer	distinct	features	in	terms	of	spatiotemporal	frequency,	orientation	and	direction	in	V1	and	higher	visual	areas	of	mouse	visual	cortex.	Moreover,	the	eye-specific	responses	may	be	carrying	information	related	to	distinct	stream	processing:	the	contralateral	dominated	neurons	are	more	tuned	for	speed,	direction	selective	and	prefer	higher	spatial	frequencies.	The	binocular	neurons	are	tuned	for	orientation	and	intermediate	speeds	while	the	ipsilateral	only	responses	are	tuned	for	faster	speeds.		We	then	perturbed	binocular	visual	processing	during	the	ocular	dominance	critical	period	via	two	weeks	of	monocular	deprivation	through	the	contralateral	eye	and	assessed	eye-specific	spatiotemporal	tuning	in	V1,	LM	and	PM.	We	find	that	monocular	deprivation	through	either	the	contralateral	eye	results	in	a	de-differentiation	of	higher	visual	areas,	such	that	the	spatiotemporal	tuning	of	V1,	LM	and	PM	become	more	similar.	Monocular	deprivation	also	disrupted	the	eye-specific	functional	segregation	of	visual	cortex	found	in	normally	reared	mice.	While	the	degree	of	speed	tuning	was	not	eliminated	with	CMD,	it	was	impacted	in	area	PM,	an	area	much	more	speed	tuned	than	V1.	Altogether	our	data	demonstrates	that	the	maturation	of	higher	visual	areas	is	dependent	on	proper	binocular	
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visual	experience	and	suggests	that	the	functional	specialization	of	eye-specific	responses	could	be	an	efficient	routing	mechanism	to	differentiate	higher	visual	areas.		
	
5.2:	Limitations	
	 Using	two-photon	calcium	imaging	in	awake	mice,	we	were	able	to	record	from	thousands	of	neurons	in	layer	2/3	of	visual	cortex	as	mice	transiently	viewed	visual	stimuli	through	each	eye.		To	accomplish	these	experiments	we	took	advantage	of	a	transgenic	mouse	model,	which	expresses	the	genetically	encoded	calcium	indicator,	GCaMP6s,	in	all	excitatory	neurons.	While	GCaMPs	have	improved	substantially	since	they	were	first	introduced	(Chen	et	al.,	2013)	and	have	been	demonstrated	to	detect	single	action	potentials	in	soma	and	even	dendritic	spines,	calcium	imaging	is	still	a	correlate	of	neural	activity.	One	limitation	of	our	experiments	is	thus	inferring	neural	activity	from	these	calcium	transients.	Because	the	field	is	heavily	based	on	classical	electrophysiological	experiments,	it	is	important	to	point	out	that	there	are	some	discrepancies	between	our	reports	on	the	prevalence	of	eye-specific	responses	and	the	literature	using	electrophysiological	measurements.	For	instance,	we	report	far	more	contralateral	dominated	and	ipsilateral	dominated	neurons	in	binocular	V1	than	previously	described	(Dräger,	1975;	Mrsic-Flogel	et	al.,	2007;	Gordon	and	Stryker,	1996).	While	some	of	the	discrepancies	may	be	due	to	choice	of	stimulus	conditions	(using	only	lower	spatial	frequencies	will	help	balance	out	the	percent	contralateral	and	ipsilateral	responsive	neurons,	since	both	have	preferences	for	low	SFs),	it	is	also	possible	that	the	difference	lies	in	the	technique.	Studies	using	calcium	indicators	also	report	higher	prevalence	of	contralateral	dominated	neurons	(Scholl	et	al.,	2017).	It	could	be	that	the	difference	in	
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assessing	“baseline”	activity	using	calcium	imaging	is	inherently	different	than	in	electrophysiology,	allowing	us	to	isolate	cell	responses	that	electrophysiological	recordings	cannot.	The	fact	that	the	binocular	neurons’	response	amplitudes	are	greater	than	the	contralateral	or	ipsilateral-dominated	neurons	substantiates	this.	It	is	also	possible	that,	since	we	are	able	to	record	from	hundreds	of	cells	at	a	time,	that	our	sampling	size	is	far	larger	and	less	susceptible	to	bias	from	searching	for	visually	responsive	cells.	On	the	other	hand,	it	could	be	that	calcium	imaging	is	unable	to	detect	very	weak	responses,	missing	the	non-dominant	eye	input	to	cells	that	we	identify	to	be	monocular.	We	were	able	to	determine	that	contralateral	eye	responses	were	tuned	to	higher	spatial	frequencies	than	ipsilateral	eye	responses	using	electrophysiological	techniques	(unpublished	data),	but	we	were	unable	to	confirm	the	ODI	distributions	using	electrophysiological	methods.	Due	to	the	rise	and	fall	time	of	the	indicator,	it	was	also	impossible	to	determine	if	the	eye-specific	responses	related	to	complex	or	simple	cells,	which	would	have	been	informative	for	the	interpretation	of	the	study.			 There	have	been	reports	that	locomotion	can	alter	visual	tuning	properties	in	mouse	visual	cortex	(Niell	and	Stryker	2010;	Mineault	et	al.,	2016).	One	limitation	of	our	study	is	we	did	not	measure	locomotion	or	relate	it	to	the	tuning	of	V1	and	HVAs.	However,	we	measured	pupil	dilation	as	a	correlate	for	behavioral	state,	in	contralateral	and	ipsilateral	eye	viewing	sessions	to	be	sure	that	there	were	not	behavioral	state	changes	potentially	causing	the	differences	in	eye-specific	spatial	frequency	tuning.	This	was	substantiated	by	similar	eye-specific	spatial	frequency	tuning	preferences	from	animals	that	were	anesthetized.	Moreover,	it	has	been	demonstrated	that	peak	speed	preferences	are	not	different	when	the	animal	is	stationary	vs.	when	the	animal	is	moving	for	V1,	PM	and	
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another	higher	visual	area,	RL	(Andermann	et	al.,	2011).	Still,	it	would	be	interesting	to	know	if	locomotion	has	any	differential	effect	on	eye-specific	responses,	especially	since	the	contralateral	eye	dominated	neurons	are	linked	to	early	features	important	for	motion	detection.		Moreover,	all	higher	visual	areas	receive	direct	input	from	LP,	which	itself	received	input	from	the	superior	colliculus	of	the	extrageniculate	pathway.	This	pathway	may	provide	context	and	modulate	visual	processing	related	to	motion	(Dean	and	Redgrave,	1984b;	Roth	et	al.,	2016).				 Our	recordings	were	restricted	to	layer	2/3	of	the	cortex.	While	this	is	the	predominantly	feedforward	layer	in	primates,	mice	exhibit	even	less	of	the	strict	laminar	segregation	of	primates,	and	layer	4	in	mice	is	also	a	feedforward	layer.	It	would	be	informative	to	know	if	cells	of	layer	4	also	exhibit	the	same	eye-specific	response	properties	of	cells	in	layer	2/3.	This	could	help	with	the	interpretation,	since	layer	4	is	the	predominant	layer	receiving	input	from	the	dLGN,	while	superficial	layers	(including	layer	2/3)	receive	input	from	the	LP.	If	no	such	eye-specific	functional	organization	could	be	found	in	layer	4,	it	might	hint	that	the	inputs	are	coming	from	the	LP.	However,	to	aid	in	this	limitation,	other	work	in	our	lab	has	demonstrated	that	inputs	from	the	dLGN	carry	functionally	segregated	eye-specific	responses,	at	least	in	terms	of	spatial	frequency	tuning	to	V1	(Huh	et	al.,	2018).		Thus,	our	findings	may	not	just	be	a	consequence	of	the	mouse	visual	system	being	heavily	influenced	by	superior	colliculus	activity,	but	may	be	applicable	to	understanding	hierarchical	primate	vision.			 We	have	found	interesting	effects	on	the	spatiotemporal	tuning	of	HVAS	with	CMD.	While	these	experiments	are	useful	for	understanding	the	transformations	that	take	place	from	V1	to	higher	visual	areas,	they	do	not	add	to	our	understanding	of	what	higher	visual	
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areas	of	mice	do.	While	inferences	can	be	made	based	on	preferences	for	early	feature	detectors,	we	are	still	limited	in	what	we	can	say	about	mouse	higher	visual	area	processing	due	to	the	fact	that	we	really	don’t	know	what	many	of	the	areas	do	or	have	clearly	define	homologs	for	primate	visual	areas.	The	lack	of	an	understanding	of	HVA	function	and	visual	processing	tasks	catered	towards	mice	make	it	difficult	to	relate	our	findings	to	those	of	primates.	Still,	our	studies	demonstrate	that,	at	the	cellular	level,	the	mouse	visual	system	is	fundamentally	similar	to	primates	and	warrants	further	exploration	on	the	function	of	mouse	HVAs.		
5.3:	Recommendations	for	Future	Work			 There	are	many	implications	for	our	findings	that	eye-specific	responses	are	tuned	to	unique	speeds	and	that	monocular	deprivation	during	the	ocular	dominance	critical	period	disrupts	the	differentiation	of	higher	visual	areas.	It	may	be	that	MD	impairs	higher	order	visual	processing	for	complex	features,	such	as	global	form	or	motion	processing.	Future	studies	linking	eye-specific	responses	to	the	detection	of	higher	visual	processing	tasks	would	make	the	findings	more	compelling	and	suggest	that	the	mouse	could	serve	as	a	useful	model	for	understanding	mechanisms	of	amblyopia.	The	experiment	on	tuning	for	plaids	vs.	gratings	would	be	a	great	experiment	to	do	under	each	eye	viewing	condition,	to	see	if	the	eye-specific	responses	are	distinctly	important	for	stream	processing.			 We	were	able	to	characterize	eye-specific	V1	afferents	to	LM	and	PM,	but	we	did	not	do	so	in	mice	that	were	visually	deprived.	It	would	be	interesting	to	know	if	the	eye-specific	routing	of	information	from	V1	to	HVAs	is	perturbed	in	CMD.	Does	V1	start	to	send	higher	spatial	frequency	tuned	information	to	LM?	It	would	also	be	beneficial	to	know	if	V1	activity,	during	the	time	of	deprivation,	is	important	for	the	functional	segregation	of	HVAs.	
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Are	V1	and	the	HVAs	all	receiving	functionally	segregated	eye-specific	information	from	subcortical	structures	or	are	the	HVAs	dependent	on	V1	activity	to	develop,	as	would	be	expected	if	the	cortex	develops	hierarchically.		
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